Twenty-five strains of cellulolytic cocci were isolated from the rumen contents of seven sheep, over a period of two years. Six sheep were maintained at roughly constant body weight on chaffed lucerne hay or a lucerne chaff/oat chaff mixture. One strain was obtained from an animal on a low protein diet.
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Twenty-five strains of cellulolytic cocci were isolated from the rumen contents of seven sheep, over a period of two years. Six sheep were maintained at roughly constant body weight on chaffed lucerne hay or a lucerne chaff/oat chaff mixture. One strain was obtained from an animal on a low protein diet.
The bacteria were classified as Ruminococcus albus or R.Jlavifaciens by the accepted monothetic classification. Morphological, cultural, nutritional and fermentation data were then used to classify them by a numerical method. It was concluded that the numerical classification of these strains agreed closely with the classification by more established methods, but justified the assignment of relationship between members of the same species.
The nutritional characteristics of 11 strains capable of growth in partially defined medium were investigated. An organic nitrogen source was essential for three strains; the remaining eight strains grew better with casein hydrolysate than with ammonium sulphate as the sole nitrogen source. Although ammonium ions were not essential for growth, only three strains were capable of growth in the absence of volatile fatty acids. CO, was essential for 10 of 11 strains.
I N T R O D U C T I O N
The development of adequate cultural methods (Hungate, 1950; Sijpesteijn, 1948) has permitted the isolation and classification of cellulolytic rumen bacteria. Two species of cellulolytic cocci have been established, Ruminococcus Jlavifaciens and R. albus (Sijpesteijn, 1951 ; Hungate, 1957; Bryant, Small, Bouma & Robinson, 1958 b) . Nutritional studies of ruminococci in pure culture showed that most strains required branched or straight chain volatile fatty acids as growth factors and utilized ammonium nitrogen in preference to amino acids for protein synthesis 
b).
This paper describes the isolation and classification of 25 strains of ruminococci from sheep and the nutritional characteristics of eleven strains capable of growth in chemically defined medium.
METHODS
Sheep. Six merino sheep from three commercial flocks in the New England district of New South Wales were placed on diets which would maintain them at roughly constant body weight. The sheep varied in age from 4 to 8 years and included ewes and
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wethers. A permanent rumen fistula was established in each sheep. The sheep were housed indoors in separate pens on a slatted floor. Sheep C6, C18, C76, C83 and C 114 were fed 800 g. lucerne chaff at 9.00 a.m. daily. C 2 received 200 g. lucerne chaff + 600 g. oat chaff daily. A seventh sheep, C3, received 500 g. low protein diet (See Table 1 ). All sheep except C3 had been established on their rations more than 6 months before bacterial isolations were made. Sheep C3 was changed from lucerne to the low protein diet 6 weeks before sampling. The sheep had access to water at all times.
Isolation of ruminococci. Ruminococci were isolated from rumen contents by using the anaerobic roll-tube technique described by Hungate (1 950), with the following modifications. Commercial CO, was freed from 0, by passing it over heated reduced copper gauze. Rumen liquor was obtained approximately 8 hr. after feeding, strained through two thicknesses of cheesecloth, and collected in a 150 ml. centrifuge bottle. Air was excluded by completely filling the bottle, and closing it with a rubber stopper. The bottle was then held overnight at 2" and centrifuged at 1200 g for 10 min. before use. The medium used was a modification of the enrichment medium described by Halliwell (1957) , having the following composition (g./lOO ml,) : KC1, 0-04; KH,P04, 0.01 8 ; MgSO, . 7H20, 0.03 ; yeast extract (Difco), 0.03 ; indigo disulphonate, 0.0005 ; agar (Bacto no. l), 1-35; (NH4),HP04, 0.09; CaCl,. 6H20, 0.06; NaHCO,, 0.375; cysteine HCl. H20, 0.05; Na,S . 9H@, 0.025; rumen liquor 20.0 % (v/v). The first six ingredients were weighed out, made up with a boiled-out water and rumen liquor, then autoclaved at 121" for 15 min. The flask was cooled to 45" and the remaining ingredients added as Seitz-filtered solutions under 0,-free CO, or N,. Sterile medium (9 ml.) was dispensed in 25 mm. x 150 mm. test tubes under CO,. Each tube contained a piece of sterile filter paper (Ekwip no. 1, Industrial Equipment (A/sia) Pty, Ltd., Sydney). A sterile solution of cysteine HCl and Na,S . 9H,O was prepared (Bryant 8c Robinson, 1961c ) and added to the tubes immediately before inoculation. This medium is referred to subsequently as modified Halliwell agar. When cellobiose agar was required, the filter paper was omitted and cellobiose 0-5 % (w/v) was added to the medium as a Seitz-filtered solution before it was dispensed.
A decimal dilution series of eight tubes was set up for each sample of rumen content in modified Halliwell agar. The first tube was opened under a stream of COz and a wide-mouthed pipette was used to transfer 1 ml. of whole rumen contents to it; the tube was then closed and its contents thoroughly mixed. Subsequent transfers were made through the stoppers by using 2 ml. Luer-Lok syringes fitted with 16 in. no. 18 needles. The plunger was removed and the syringe flushed with sterile CO, immediately before use and a fresh syringe was used for each dilution. Cellulolytic organisms were recognized by their ability to produce visible colonies and digestion on filter paper within 4 days at 385". New strains were isolated from 10-6 dilutions so that they could be considered true rumen organisms (Gall & Huhtanen, 1951) . Strains were purified by passage through the following sequence of subcultures on modified Halliwell agar : filter paper agar -+ cellobiose agar -+ filter paper agar + cellobiose agar. At each stage the isolate was serially diluted and subsequent inocula derived from tubes which showed well-isolated colonies. Colonies developing in the second series of cellobiose agar cultures usually showed no cultural or microscopic evidence of impurity and were capable of growth on filter paper strips.
Maintenance of cultures. Cultures in current use were maintained on filter paper
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agar and subcultured every 4-8 days. For prolonged storage, infected filter paper was used to inoculate cellobiose agar slopes which were incubated for 48 hr at 38-5", sealed with a mixture of 3 parts petroleum jelly to 1 part "paraffin wax, quick-frozen by immersion in liquid air, and stored at -25" to -30" in a deep-freeze cabinet. Gram reaction and morphological arrangement. Slides were prepared from the water of syneresis exuded from cultures on modified Halliwell agar containing 0.25% cellobiose after 15-24 hr. incubation at 38.5".
Pigment production. Pigment production was recorded after 4 days incubation on filter paper strips in modified Halliwell agar. The pigment was classified as light yellow (LY), dark yellow (DY), or absent (DZ) .
Production of gas. The formation of bubbles in solid media or excessive pressure in vessels containing liquid media was recorded as evidence of gas production. With the exception of xylan, the substrates were freshly prepared as 5% (w/v) solutions in boiled-out distilled water under N2. A Luer-Lok syringe fitted with a Swinney adaptor containing a membrane filter (code no. G.S., Millipore Filter Corp., Bedford, Mass., U.S.A.) was used to sterilize each solution as it was added to the medium. Xylan (50 mg.) was weighed out in 15 mm. x 150 mm. test-tubes which were plugged with cotton wool and autoclaved at 121" for 15 min. The basal medium was prepared, autoclaved and dispensed into the appropriate number of xylan tubes or empty sterile tubes under an atmosphere of 10% (v/v) C02 in N2. Reducing agents (Bryant & Robinson, 1961 c) , sodium carbonate solution (0*06%, w/v) and substrate were added just before inoculation.
The final pH value was determined in basal medium containing 1 % (w/v) cellobiose.
Duplicate 5 ml. quantities were inoculated for each strain and incubated for 7 days at 38-5". After incubation the pH value of each tube was determined by using a Cambridge meter.
The following carbohydrate substrates were tested in basal medium at a final
fructose, glucose, cellobiose, sucrose, lactose (Oxoid, bacteriological grade) and xylan (Mann Research Labs., Inc.). The inoculum for each strain was the drop of a 15-24 hr. culture in cellobiose broth. Controls containing inoculum but no substrate, and substrate (cellobiose) but no inoculum, were set up with each series. Cultures were incubated 7 days at 38-5". A marked decrease in pH value relative to the controls indicated that a substrate had been utilized. Fermentation products. Small fragments of infected filter paper were used to inoculate flasks containing 100 ml. quantities of 20% (v/v) rumen liquor broth (Bryant et al. 1958a ) modified to obtain a higher buffer capacity by using 100% C02 and 0.4% (w/v) Na2C0,. Each strain was inoculated into medium with and without substrate
(1 yo, w/v, Ekwip no. 1 filter paper). After incubation at 38.5" for 4 weeks the products of cellulose fermentation were measured, corrections being made for the volatile fatty acids produced in the control flasks in the absence of substrate.
Reducing sugars were determined qualitatively on the filtered fermentation liquor by Benedict's method (Hawk, Oser & Summerson, 1954 Batches of six to eight cultures were inoculated in duplicate for each of the deficient media and a complete medium control. After inoculation each tube was dipped in a mixture of petroleum jelly and paraffin wax (1 + 1) to prevent the entry of oxygen.
Cultures were incubated at 38.5" and inspected daily for turbidity. Tubes which became turbid were examined microscopically and recorded as positive when the expected morphological type was found. 100% c 0 2 . Table 1 relates the strains isolated to the diets of the sheep from which they were isolated, and to the date of isolation.
RESULTS
The microbiological characteristics of these strains are recorded in Table 2 . The Gram reaction was variable in nine of the twenty-five strains; changes of this kind were reported by Bryant (1963) . Some strains showed a series of changes with age. For instance, strains D Z~ and ~2 4 changed from strongly Gram-positive to Gramvariable and became Gram-negative after 7 days of incubation.
Approximately half the strains (14/25) were able to grow in Bryant & Robinson (1961 a) medium. This permitted a more detailed study of the nutritional requirements of eleven strains recorded in Table 3 . All strains grew in the absence of (NH4)2S04 and utilized casein hydrolysate as a source of nitrogen, but three strains failed to grow when (NH&,S04 was the sole nitrogen source, casein hydrolysate being omitted.
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A majority of strains required volatile fatty acids; only strains LY 10, LY 11 and DZ4 were able to grow in their absence. Only one strain (LY 10) grew when carbonate was omitted from the medium. The carbohydrates fermented by six strains of ruminococci are recorded in Table 4 . Each strain was tested in duplicate on more than one occasion. The results with xylose, arabinose, cellobiose and xylan were reproducible for all strains, but the fermentation of glucose, sucrose, lactose and fructose was not a reproducible property of these strains. Nutritional requirements of ruminococci In preliminary trials Bryant & Robinson (1961a) found 10 of 15 strains capable of growth in their complete, partially defined medium. Seven of these were Ruminococcus albus and three R.JEavifaciens. In the present study 14 of 25 strains grew in Bryant & Robinson medium. Of these, 10 strains were shown to be R. albus and four R.JEavifaciens. These observations suggest that strains classifiable as R. flavifaciens are more dependent upon special growth factors in rumen fluid than those classed as R. albus.
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The existence of ruminococcal strains which utilize (NHJ+ in preference to aminonitrogen is well established. (NH&+ was reported to be an essential nutrient for some of the strains which have been examined b ; Bryant & Robinson, 1962; Bryant & Robinson, 1963 ; Dehority, 1963) . Strains which required organic nitrogen have also been reported. Fletcher (1956) and Ayers (1958) considered casein hydrolysate to be essential for the growth of a strain of Rurninococcus albus and
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one of R. Javifaciens. Allison, Bryant & Doetsch (1962) L-histidine, 0.06). Turbidity was evident after incubation for 48 hr for strain L Y~ and after 72 hr for strain D Z~ indicating that with this restricted range of amino acids growth still occurred more readily than it did when all cellular nitrogen had to be synthesized from (NH,)+. One strain of R. albus (Ly9) and two strains of R.jlavifaciens (LY 14, LY 19) were dependent on organic nitrogen for growth. It is concluded that the genus Ruminococcus includes strains which have an absolute requirement for organic nitrogen and strains which have a preference for organic nitrogen, as well as those for which inorganic nitrogen is an essential nutrient (Bryant & Robinson, 1961 b) . A majority of the strains were capable of synthesizing amino acids from (NH$+ and (C03),-ions and volatile fatty acids. Presumably the mechanism was analogous to that shown to exist in Ruminococcus Jlavifaciens strain c94 (Allison et al. 1962; Allison & Bryant, 1963) . The strains described here could also utilize preformed amino acids and thus resembled strain B 34b of Dehority (1963) ; consequently volatile fatty acids were not required for amino acid synthesis. Nevertheless, only three out of the 11 strains were capable of growth in media which did not contain volatile fatty acids.
Rumen bacteria are characterized by their dependence on exogenous CO, for growth (Bryant, 1959) . Strains of ruminococci have been shown to require CO, (Bryant & Burkey, 1953; Dehority, 1963) and utilize it for amino acid synthesis (Allison & Bryant, 1963) . All but one of the eleven strains conformed to this pattern. Bryant (1963) distinguished between Ruminococcus albus and R. jlavifaciens on the basis of morphology and fermentation product data. In the present work CO, was not determined and production of H, was determined only for a few strains. With these limitations the results for each strain can be compared with Bryant's specification.
Taxonomy of ruminococci
The strains examined here were classified as follows : Intermediates classed as 'similar to Rzuninococcus albus' were grouped together on the basis of morphology, pigment produced and production of ethanol; these characteristics are held in common with R. albus. These intermediates were not classed as R. albus because they did not produce acetate as a fermentation product.
Intermediates classed as ' similar to Ruminococcus JEavifaciens' grew in chains and, in common with other strains of R. JEavifaciens considered here, did not produce ethanol, produced little or no gas, and showed dark yellow pigmentation. Strains LY 18 and LY 19 could not be accepted as R. JEavfaciens because acetate was not produced. Strains L Y~ and LY 13 were not acceptable because they did not produce succinat e .
Ruminococcus albus. Hungate (1957) and Bryant et al. (19583)
placed some streptococci in the R. albus group, but in the present study only diplococci were classed as R. albus since only diplococci were found to produce ethanoI. The R. albus strains were similar to those described by &her workers in that the yellow pigment was pale or absent. All three sets of data agree in that most R. albus strains produce ethanol, acetate and formate as fermentation end products. Hungate (1957) found one strain which metabolized acetate, which was not included as typical of the R. albus group. In the present study three of 13 'a1bus'-type strains did not produce acetate. Hungate found no R. albus strains which produced succinate but the present results agree with Bryant et al. (1958 b) who found strains which produced succinate. Strains were also found which produced lactate, a character observed by Hungate but not by Bryant et al. Hydrogen was identified as a gaseous end product for strains LY 11, LY 12, LY 16, and gas production was also observed for strains ~2 4 , LY 3, LY 5, LY 7; but gas production was not as general among these isolates as among those reported by Hungate ( 
Numerical classiJication of ruminococci
The classification of ruminococci applied in the preceding paragraphs is based on their biochemical and morphological characteristics. Successive investigators have relaxed these criteria to accommodate strains which exhibited all but one or two of the characteristics required of the species. It has never been shown that the two ' species ', Ruminococcus albus and R. Jlavifaciens, are genetically independent or that they are ecologically distinguishable, so that the possibility of an exchange of genetic
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material between them cannot be excluded. Again, the importance to be attached to characters such as morphology and production of ethanol is not clear. These characters are consistently associated but their sigmficance in the life of the bacterial cell is obscure. In these circumstances a technique which classifies strains on the basis of their overall similarity is of value because it embodies all the information without weighting it. Such an Adansonian classification is particularly suited to the present study, where the relationship between overall biochemical type and serological type was investigated. Numerical taxonomy provides the methods necessary for this treatment of the data. The data presented in Tables 2 and 3 together with a summary of those in Table 4 were analysed by using a Fortran program 'MULTIST' for Control Data 3600 computer (C.S.I.R.O. Computing Research Section, technical note no. 14). The rationale of the method and the formulae used are given by Williams & Lance (1965 ANNISON similarly treated. Gas production was treated as a multi-state variable because here f represented 'slight gas production'. In the nutritional data results indicated as & were treated as unknown because it was doubtful whether the medium had been used for growth. These data were treated as qualitative in common with 'growth in Bryant & Robinson medium', ' sugar fermented' and 'production of reducing sugars '. Final pH value and 'fermentation end products ' were treated as quantitative data. The affinities which were demonstrated by this treatment of the data are presented as a dendrogram in which the ordinate represents the value of the similarity coefficient (Fig. 1) . Here groups 9 and 12 represent the two most similar strains, their degree of similarity being represented by their positions relative to the ordinate scale. Together they constitute a new group 26. At the 0-238 degree of similarity group 27 can be added to group 26, making a new group 32. The perpendicular distance between 26 and 32 represents the decrease in similarity which must be accepted before further strains can be clustered with group 26. This process is continued until at a low degree of similarity all strains can be grouped together.
The dendrogram comprises two main branches corresponding to the existing species and two intermediate groups. The branch represented by group 44 includes all the strains classified as Ruminococcus albus except LY 16, which is now classed as an intermediate in group 34. It is evident that the differences which prevented strains D Z~ and LY 23 from being considered members of this group were minor. The dendrogram shows that these two strains closely resembled accepted members of the species and should logically be included with it. The branch represented by group 45 comprises all strains classed as R. flavifaciens and includes strains LY 13 and LY 19. Strain LY 18 can also be included for a small change in similarity coefficient. Hence group 46 is considered to represent R. flavifaciens strains. It is concluded that numerical classification of these strains agrees closely with that derived by the established methods. But the numerical method justifies the assignment of intermediate strains to appropriate species and permits an assessment of the degree of relationship between members of the same group. Thus R. albus (group 44) is, in general, more homogeneous than R.JEavifaciens (group 46) although a considerable increase in similarity index is required to accommodate group 37 within group 44. Comparison of Table 2 with Fig. 1 permits the extraction of characters typical of the two species.
Ruminococcus albus (1 1 strains). All were diplococci. When grown on cellulose they produced butyrate, propionate, formate and ethanol. In addition 10 of 11 produced acetate and 9 of 11 produced lactate. Most strains (10 of 11) were capable of growth without unidentified growth factors which occur in rumen liquor.
Ruminococcus JEavifaciens (1 1 strains). All were streptococci. Grown on cellulose they produced formate but not ethanol. Most strains (9 of 11) produced succinate and lactate, and 10 of 11 produced acetate. Butyrate and propionate were usually not produced. A minority (4 of 11) of strains were capable of growth without unidentified factors which occur in rumen liquor.
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